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INTRODUCTION
For many years, high-grade metamorphism was in effect a geological
"iron curtain" past which it was nearly impossible to see. This was
especlally true for metasediments; relatively few attempts were made
to discover the nature of the sedimentary antecedents of rocks such
as gneisses and schists of the amphibolite facies. However, recent
progress in botl. metamorphic and sedimentary petrology has made such
investigations practical, as shown by the work of Engel and Engel (1958),
O'Connor (1961), and Hopson (1964), among others. This paper presents
, the results of a study of the Precambrian paragnelsses and schists in
a small part of the Front Range, and a discussion of the sedimentary -
rocks from which they may have been formed. The teétonic implications

of the 1nfen;ed pre-metamorphic history of this area will also be o E
explored. L %
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Previous Work
A complete bibliography of literature concerning the Pine Creek
area is given elsewhere (Lowman » 1963). The two most ;meortant recent

papers are by Tweto and Sims (1963) end Moench, Harrisom, and Sims (1962).

GENERAL GEOLOGY

The Pine Creek area is underlain by a large variety of igneous
and metamorphic Precambrian rocks intruded by numerous Tertiary dikes
and the Apex stock (Fig. 2). In the writer's original work, and in
this paper, the focus is almost entirely on the Precambrian rocks
and structures. |

The most abundant Precambrian rocks are the metasediments which
are the subject of this discussion, and which are described in detail
separately. They are intruded by granodiorite considered equivalent
to the Boulder Creek granite (Lovering and Goddard, 1950) and by a
probably-related quartz diorite which grades locally into pyroxené
gabbro. Both these Precanbria.n'ignewg rock types are assoclated
with abundant pegmatite dikes. | .

The Precambrien structure (Fig. 3) 1s dominated by s Llinked
syncline and anticline, both plunging to the morth and slightly
overturned to the west. Smaller structures include numerous folds
and mineral lineations reflecting the major structures. A detailed
description of these in the Central City district, which applies

well to the Pine Creek area, is given by Moench, Harrison, and Sims (1962).
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PRECAMBRIAN METASEDIMENTS
Petrography

Biotite-Quart.z-Plagloclase Gneiss

This rock type, with its sillimanitic and garmetiferous varieties,
is estimated to comprise about 60% of the total stratigraphic thickness
of the Precambrian metasedimentary rocks im the Pine Creek area. It
is interlayered, on all scales, with other metasediments, and
frequently migmatized.

The biotite-quartz-plagioclase gneiss is dark- to light-gray,
fine-grained, and generally foliated although occasional hand specimens
and outcrops are essentially massivé. Its typical appearamce is
shown in Figures 4 and 5.

In thin section, the fabrlic of the blotite-quartz-plagioclase
gneiss is typically crystalloblastic, and all varieties show
well-defined foliation under the mlicroscope. Poikiloblastic fabric
is common. Almost all thim sectlons show some sericitizétion, and
occasionally alteration of biotite and garmet to chlorite.

Modes are presemted in Table 1. Descriptioms of ladividual

minerals were given in the thesis (Lowman, 1963).

* Microcline-Quartz-Plagioclase Gneiss

This is the second most abundant metasedimentary rock type,‘
comprising atout 35% of the total stratigraphic colums in the area.
It occurs in several thick discrete layers, as im the Central Cit&
area, (Moench, Harrison, and S#ms, 1962), and also as numerous small

lenses and layers ia the blotite-quartz-gmeiss. In a few places, the
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microcline~ and blotite-quartz-plagioclase gneisses grade into each
other.

The microcline-quartz-plaglioclase gneiss is fine-grained, buff
or gray on weathered surfaces, and usually foliated. Typical
outerops are shown in Figures 6 and 7.

The fabric in thin section is typically crystalloblastic.
Evidence of grain crushing is abundant, much more so than in the
biotite-quartz-plagioclase gnelss. Microcline gneiss in a broad
zone extending south from Dakota Hill (Fig. 2) has a distinctive
augen structure, both in hand specimen and thin section.

MAdes of the microcline-quartz-plagioclase gnelss are presented

in Table 2.

Amphibolite and Lime-Silicate Gneiss

These two rock types occur as thin layers and lenses in the
bilotite-quartz-plagioclase gneiss and rarely in the mierocline-
quartz-plagioclase gnelss. They commonly occur together and in a
few places grale iqu each other, suggesting a close genetic
relationship. Typiéél ouécrops.are shown in Figures and a modal analysis’

is presented in Table 3.

Petrology

Metamorphism

Mineral assemblages of the microcline gneiss, biotite gneisses,
and amphibolite are characteristic of the sillimanite-almendine-
ortnoclase subfacies of the almandine-amphibolite facies (Turner and

Verhoogen, 1960). Local assemblages do not belong to this subfacies;



for example, almandite is partly altered to chlorite in some specimens,
and epidote and clinozoisite occur in the lime-silicate gneiss.

However, it appears that these occurrences represent localized retrograde
metamorphism. Subject to such exceptions, most of the metasediments
evidently formed under equilibrium conditions, as shown by thelr

general similarity of mineralogy and of mineral composition.

Chemical'changes during the formation of the Pine Creek
metasediments are believed to be limited to fhe loss of volatile
- components (Héo, 002) and the addition of silica and alkalis during
migmatizatidn.

The gradational and interfingering contacts between the microcline
gneiés and the biotite gneisses, together with the granitic composition
of the microcline gneiss, suggest the possibility that this unit
may be metascmatic. However, several lines of evidence indicate that
this is not so. First, the field relations of the microcline gnelss
are unlike those expected of metasomatic granites (see, for example,
Wahlstrom, 1950);. instead of forming a fringe around a granitic core,
the microcline gneiss occuples what seems to be a normal position
in the metasedimentary sequence, forming interlayered tabuler and
lenticular bodies. Furthermore, thefe are no systematic changes
along strike or dip suggesting nearness to a center of granitizing
fluids. Finally, there are few if any of the usual mineralogic

criteria of granitization, such as dents du cheval, schlieren of

partly replaced gneiss, and zlrcon overgrowths (Bckelmann and

Poldervaart, 1957).
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This evidence against a metasomatic origin of the microcline
gnelss 1s of interest not only because of its importance to the
present discussion, but also because 1t demonstrates that some
of the field relations commonly interpreted as metasomatic
may actually be étratigraphic- a possibility suggested by Turner
and Verhoogen (1960, p. 375).

The blotite and microcline gnelsses are believed to be formed
from sedimentary rather than igneous rocks for several reasons discussed
in detail in the thesis. PFirst, they are consistently concordant
on all scales with metamorphic rocks, such as the.lime-silicate
gnelisses, and with layers of sillimanite whose sedimentary parentage
is unquestioned because of their composition. 1In addition, there
appear to be all gradations between the various metamorphic rocks
(excluding foliated syntectonic igneous rocks such as the granodiorite).
Finally, the zircons of the microcline gneiss are wniformly rounded,
in contrast with the anguiar grains described by Callendar and

Folk (1959) from pyroclastics of the Gulf Coast.

Sedimentary Antecedents

The nature of the pre-metamorphic sedimentary rocks which later
became the microcline and biotite gneisses can be inferred from
two main characteristics of the present metamorphic rocks: texture
and composition.

All the major metasedimentary rock types of the Pine Creek
area are medium- to fine grained, with crystals generally well umder

1 mm in the pgreatest dimension. Thin section examination shows
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that this small grain size 1s not the result of cataclasis. This,
coupled with the fact that Precambrian conglomerates in nearby
parts of the Front Range have survived high-grade metamorphism,
suggests that the pre-melamorphilc anfecedents of the Pine Cfeek
rocks were no coarser grained than they are. Any change im grain
size during metamorphism was probably in the direction of increasing
coarseness, so that the original rocks were probably fine-grained
sediments. Similar reasoning has been used by Engel and Engel (1953b)
to deduce the texture of pre-Grenville rocks in the Adirondacks.

It seems likely that the parent sedimentary antecedents of the
Pine Creek metamorphic rocks formed layers ranging from a few
hundred feet down to a few inches.  This is inferred from the
existence of layers of contrasting mineralogy with similar thicknesses.

The mort useful criteria for establishing the nature of the
pre-metamorpaic rocks are their chemica} compositions. These
can be used, of course, only if there have been no major chemical
changes during mgtamorﬁh;am; as mentioned previously, this seems
to have been true for most of the éocks. ' Therefore, a comprehensive
effort was.made to use compositions to infer the nature of the
original sediments.

Chemical compositions of the main rocks types in the Pine
Creek area were computed from the modes. The methods and precautions
agginst error are described in the thesis; the method was esgentially
that given by Wahlstrom (1950). It is believed that chemical
compositions computed this way are accurate enough for the burpose

of this investigation, especially if attention is focused on the major

‘oxides: 510,, AL,0., Na,0,

A 20, K,0, and Ca0.

2
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A comparative tabulatiom of the chemical compositions of the
Pine Creek rccks and possibly similar sedimemtary rocks is presented
in Table 4.

It is apparent from this comparison that several of the
sedimentary rock types might be suitable antecedents for the blotite
and microcline gneisses; these include the subgraywackes, Russlan
platform sandstone, the Mississippi delta silt, and if we comsider
SiO2 content alone, Middleton's average eugeosynclinal sandstone.
The last, however, can dbe eliminated from conslderation because of
its high soda/potash ratio - a characteristic of memy eugeosynclinal
sediments.

The most plausible parent rock would seem to be a composite of
the average subgraywacke, Russian platform sapdstone; and Mississippl
delta silt. In view of the ramnge of compositioms encountered in
each rock type and the relatively small number of analyses, there
is no good reaso%ito pick any'one of these as the analogue of the
original Pine Creek sediments. It 1s therefore suggested that the
parent rocks were'seﬁimentary rocks similar to these three types in
texture and composition, consisting of imterlayered silts and saﬁds,
to which the collective name “feldspathic subgraywacke" (Folk, 1954)
might be given. The microcline gneiss was probably formed from a
more arkosic sediment than were the biotite gneisses.

This suggestion is supported by the fact that the subgraywackes,

Mississippi delta silts, and‘probdbly the Russian platform sands
| are essentially similar, not only in texture and composition; but in

depositional emvironment and tectonic setting. They are generally

SO S



-9 -

the product of paralic (imterfingered maerime and comtinental)
sedimentation on the comtineatal platform at a considerable distance
from orogenic belts (Pettijohn, 1957).

The nature of the antecedents of the amphibolites and lime
silicate gneisses was not studled in detall, because it is not
possible to compute reliably the chemical composition of tﬁese rocks
from the modes. However, 1t seems likely that & limey sandstone might
" have been the precursor of the lime-silicate gneisses, which are
high in quartz. The amphibolites are frequemtly associated with and .
in places grade into the lime ’silicate gnelsses. This relation
suggests a sedimentary rock, such as a limey shale, rather thanm

basic igneous rocks or sedimeants derived from such.

Tectonic Implications

A number of tectomic inferences can be drawm from the probable
petro_graphy of the pre-metamorphic sedimentary rocks. One of the most
obvious of these is that the Pine Creek metasediments do not represeat
a eugeosynclimal sequemce. This 1s inferred mot only from the
calculated chemical compositions, but from the lscarcity of.
metavolcamics such as amphibollites. Additional evideace comes from
thé absence of graded beddimg typical of eugeosynclinal graywackes;
that such structures cam survive high-grade metamorphism has been
demonstrated by O'Comnor (1961) ard Garawecki (1963) in the Ft. Collins
aresa, and by Hopsom (1964) in the Baltimore area, but mothing '
resembling it was found im the blotite and micro¢lime gneisses.

i

The compositiomal and structural evidence, them, point to a

.cratonic setting, which might be comsidered am exogeosyaclime (Kay, 1951).
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To this shoul/l be added the probabllity that the Pine Creek rocks
overlie a considerable thickmess - perhaps 20 kilometers or more - of
crustal rocks approximating gramite in composition (Birch, 1951).

Taken together, thege relationships indicate stromgly that the Piﬁe
Creeck sedimentary sequence does mot represent a lateral lancremeat

to an accreting continent, as proposed for other areas by Wilson (i95h)
and Kay (1951), since such are crusidered to be ensimatic‘eugeosynclines.
Any continental growth would be esseatially vertical accretion.

The picture presented here, thenm, supports the suggestions by
Engel (1963) and Gastil (1958) that comtinemtal growth imvolved
considerable overlap, aad was mot the primarily comcentric process
implied by the earlier theories. Im particular, the results of this
study imdicate that, as Engel suggests, the Churchill (age about 1.8
billion years) and-probably the Superior-Wyoming (age about 2.5
billion years) dgeiproyinces are larger, underlying the Pine Creek
area, than would be imdicated by exposed rocks (Engel, 1964, Fig. 3);

An interestiﬁk teétonic problem is uncovered by‘the work
described here. Tgc ro;ks of the Pime Creek area do mot seems to
be a eugeosymclinal sequence, nor do similar metamorphic roéks to the
south (Lowman, 1963), such as those mapped by Wahlstrom and Kim (1959)
and Koschmann (1960) (Fig. 1). On the other hand, O'Commor (1961)
and Garawecki (1963) have demonstrated the eugeosymclinal-parentage
of pre-Silfér Plume granite metamorphic rocks im the Ft. Collims
area, whose relative age is‘apparently about the same'és those of
the Pine Creek metasedimeats. It 1s worth imquirimg, them, why two

such unlike tectonic assemblages are so close together.



‘checked by further Precambriam field work betweem the Pime Creek
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Perhaps the most obvious amswer ls that ome or both assemblages
represent lozalized depositiomal conditioms. This explanatiom, |
attractive because of its simpliclty, cammot be evaluated without much
more detailed imformation about the petrography of Precambrian
rocks im a wi@e surrourding ares.

A more exotic possibility 1s suggested by the receat studies of
Fuller (1964) amd Gillillamd (1962). Both find evidemce - Fuller im
magaetic surveys, aad Gillillamnd im regiomal structures - ﬁhat the
E-W Mendocino fault exterds halfway, or farther, across North America
at about the 4Oth parallel. The comtinuation has nmot, of course,
been geologically mapped, amd must be Precambrisa im age. If there
was considerable tramsverse displacement on such a fault, it might
have brought the Ft. Collims - amd Pime Creek rocks together. Existing
geological maps, however, show mo evidence of such & fault im the
éxposed. Precambrian rocks, mor is there a serles of Laramide
intrusions like the Fromt Range mineral belt which might mark its
site. It seems worthwhile to coamsider this possibility as a very

speculative working hypotheais, aevertheless, whose validity might be

L e e e e - s g, e ar e e

area and Ft. Collias.
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TABLE III

Mode of Amphibolite (Volume per cent)

.Specimen Number : 372
Quartz 10.2
Hornblende ‘ 69.0
Plagioclase 13.0
Biotite ’ ‘ 1.2
Muscovite k.1
Epidote 1.4
Apatite 0.4
Magnetite 0.6
Sphene } tr
Sericite (incl. muscovite) tr
Total . 100.0
Number of sections . 2
Total measurement area 1020 mm2
Total number of points ) 2400
IC Number A 115
Plagioclase composition An62

Field Occurrence - Outcrop sample from lens 7 feet thick
in microcline gneiss on ridge south of N. Clear Creek,
1/2 mile west of Pine Creek.



TABLE I

Modes of Biotite-Quartz-Plagioclase Gmeisses (volume per cemt)

Specimer Number 432
Quartz 53.8
Microcline
Plagioclase 7.5
Biotite 26.
Chlorite ' 0.3
Muscovite ) 0.1
Sericite tr
Sillimanite ‘ 10.0
Garnet
Magnetite 1.5
Zircoa tr
Sphere tr
Total 100.0 .
Number of Sectionms 2
Total Measurement 1200
i area (mm2) t
Total Number of Points k100
IC Number over 130
Plagioclase Compositiom Anas
N,, biotite 1.635

tr

5.0
tr

1.712

‘Notes on field occuremce om mext page.

799 78 7 712
60.0 53.0 48.1 67.7
12.3 1.8
13.6 19.4 4.8 6.2
17.7 23.5 22.9 16.5
0.8 0.1
0.7 0.1 0.5 0.6
tr tr tr Tr
6.6 tr 10.3 6.9
1.3 B
1.3 1.9 0.9 0.3
tr tr r tr
100.0 100.0  99.9  100.0
2 2 2 2
1020 1290 1350 1600
2500 4300 3400 3500
over 110 - 130 over 130 over 130

A%ag

1.646

Aayg  Amyy Amg,

1.638  .1.638 . 1.642



#432 -
#536A¥
#709 -
#710B-

#7 -

TABLE I
(Comtinued)

Field Occureace of Amalyzed Specimens

Outcrop sample of sillimanitic biotite gneiss, about 50-80%
migmatized, from east end of Pile Hill at 10,800 feet. Amalysis

is of uamigmatized portiom.

Outcrop sample of massive, ummigmatized blotite gmelss from ridge
1/4 mile southwest of Americam City at 10,525 feet.

Outcrop sample of biotite gmelss, about 50% migmatized, from
roadside, morth side of North Clear Creek 3/4k mile east of
intersection with road to Ceatral City. Amalysis is of ummigmatized
portion.

Exposure sample of massive plotite gmelss from roadside, morth
side of North Clear Creek 1 1/4 miles west of imtersectiom with
Rt. 119.

Outcrop sample of ummigmatized biotite gmeiss from roadside, morth
slde of North Clear Creek 1l mile west of imtersectioa with Rt. 119.
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#350C

#4712
#6238

#623A
#6271
#629
#666
#6838
#697

#7104

TABLE II
(Comtinued)

Field Occurremce of Amalyzed Specimeas

Unaltered dump sample of microclime gmeiss from mime mear
head of Silver Creek.

Unaltered dump semple of microclime gmeiss from Moatama Creek.

Outcrop sample of microcline gnelss from southeast slope
of Arizoma Moumtain at 9800 feet.

Outecrop sample of pegmatite in microcline gmeiss, same
location as.#623B.

Outcerop sample of microclime ganeiss from southeast slope
of Arizoma Mountalm &t 10,100 feet.

Outcrop sample of microclime grmeiss from southeast slope
of Arizoma Mouatain at 9,500 feet.

Outcrop sample of microclime gaeiss from east slope of Dakota
Hill at 10,800 feet. '

Outcrop sample of microclime gmeiss from hill 3/L4 mile
southeast of Dakota Hill by BM 10596.

Outcrop sample of microclime gneiss from Silver Creek at
9,400 feet.

Outcrop sample of microclime gmelss fram morth part of
Blackhawk Peak at 10,250 feet.



